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Dr José Teixeira (France) 

An Introduction to the Physics of Liquid Water 

Water is familiar to everybody as it is almost the only liquid naturally present on the Earth surface. 
However, compared to the volume or to the mass of the planet, its amount is rather small, about 1300 
million km3, what represents a large cube with an edge measuring 1100 km or an average thickness of 2.6 
km, much smaller than the Earth radius (6300 km). 
 
 
One of the main characteristics of water on Earth is 
that it existsnaturally in the 3 forms: solid, liquid and 
gas with everyday observed transitions between 
them. A consequence is the well-known water cycle 
bringing water from oceans to atmosphere through 
fields, rocks, rivers and living organisms which cannot 
exist without its presence. In its molecular form, water 
accounts for about 65% of the human body. 

Historically, water always fascinated people of many 
civilizations. It was considered until the end of the 18th 
century as a simple “element”. It is possible to say 
that the scientific knowledge of water starts in 1780 
when H. Cavendish and A. Lavoisier discovered that 
water can be decomposed into two gases, oxygen 
and hydrogen, and that, conversely, the combination 
of these two gases generates water. 

Since then, water has been studied very much in 
detail and under diverse conditions: under high and 
negative pressures, at high and low temperatures, in 

critical conditions, containing all kinds of solutes and 
mixtures, etc. Studies have been performed mostly by 
physicists but also in Chemistry, Geology, 
Atmosphere Sciences, Hydrology, Planetology, 
Biology, Engineering, because it concerns many 
human activities. For sure, water is the most studied 
substance and essentially all its properties have been 
measured and quantified at all scales. Present 
studies relate mostly to interfacial water, i.e. water 
under confinement in tiny pores or interacting with 
surfaces. The study of the general properties of 
hydrogen bonds, although more general, is important 
for a better knowledge of water at atomic scale. 

In physics, the motivation for the studies has been for 
long time the so-called anomalies. Indeed, many 
properties of water show unusual, sometimes unique, 
temperature dependence at very low temperature. 
For example, density has a maximum at 4° C (11° C, 
in the case of deuterated water), as depicted in the 
following figure. 
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The anomalous behaviour of water concerns only the 
pure liquid. Addition of solutes or other liquids 
suppress it. For example, the addition of 8% of 
ethanol to water is sufficient to erase completely the 
anomalies making water a “normal” liquid. 

As an example, the next figure shows the sound 
velocity of water-ethanol mixtures as a function of 
temperature. While in pure water a maximum is 
observed at 55° C, increasing concentrations of 
ethanol totally suppress the maximum beyond a 
concentration of the order of 8%. 

 

The origin of water anomalies is understood if one 
takes into account the molecular structure. Water 
molecule is formed by one oxygen and two hydrogen 
atoms. Because of the electronic distribution, its 
shape is a V with arms of 0.1 nm forming between 
them an angle of 104°. This angle is, by coincidence, 
very close to the angle formed by the diagonals of a 
cube (109°). 

Moreover, the hydrogen atom forms very easily bonds 
with neighbouring molecules. The two facts together 
generate a tetrahedral structure where neighbouring 
molecules occupy alternate sites at the corners of 
cubes as shown in the next figure. 
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This “tetrahedral” structure is very common in Nature. 
With small differences, it is the same observed in 
quartz or in diamond, among many other cases. 

It is at the origin of the ice and snow flakes that grow 
easily on cold surfaces revealing the molecular 
hexagonal structure imposed by hydrogen bonds. 

The next figure represents two water molecules 
forming a hydrogen bond, i.e. sharing one hydrogen 
atom. 

 

 
 

Finally, one must take into account that the hydrogen 
of the bond vibrates mainly in the direction 
perpendicular to the line O-H...O, going eventually 
sufficiently far from the ideal alignment to break the 
bond. The consequence is a very short lifetime of the 
bonds. In liquid state, it is of the order of 1 ps = 10-12 
s, incidentally, totally incompatible with any long 
relaxation process. 

Other forms of water do exist, but in all cases, the 
tetrahedral local structure is an essential brick. For 
example, clathrates (or hydrates) that are formed in 
permafrost or at the bottom of oceans or amorphous 
ices formed under confinement or under radiation, like 
in comets. 

Anomalies of water can be understood with these few 
properties. For example, at high temperature, say 
above room temperature, many possible hydrogen 
bonds are broken and water molecules can 
interpenetrate more than when, at low temperature, 
the tetrahedral arrangement generates a very open 
network with only 4 neighbours of each molecule. 
Because of that, ice has a density lower than the 
liquid what allows a rapid melting of icebergs and 
other winter ices. 

To summarize, the essential properties of liquid water 
reduce to three. Each of them is not rare but the 
ensemble is typical of water and explains its 
behaviour: 

• a large number of hydrogen bonds 
• a local tetrahedral symmetry 
• a short lifetime of the bonds 

In old times (namely W. Roentgen) water anomalies 
were interpreted by “mixture models” which assume 
that water is a mixture of tiny ice-like aggregates 
embedded in a kind of ideal liquid without the known 
anomalies. Obviously, modulating the amount of the 
tiny aggregates, the density maximum at 4° C is 
easily “explained” but it has been always hard to 
accept that ice can subsist at high temperature even 
in small sizes. With the advent of X-ray scattering, the 
problem has been solved. Since several decades, it is 

well established that water is a homogeneous liquid 
with the only density fluctuations associated to 
compressibility. In other words, the presence of any 
kind of clusters in pure water is totally excluded 
because incompatible with experimental facts. 

Most of the remarkable properties of water derive 
from the hydrogen bond network. For example, the 
high specific heat of water explains, among other 
consequences, the stability of Earth climate or the 
almost constant body temperature of animals. The 
high specific heat results from the formation of bonds: 
their number depends strongly on temperature and 
their energy is rather high. 

Another important property of water molecules is a 
large electric dipole at the origin of a very high 
dielectric constant. Because of the last, water is an 
extremely good solvent, solubilizing many 
substances, namely salts that are decomposed into 
two ions (for example, the anion Cl- and the cation 
Na+ in the case of NaCl). Their charges are screened 
by a few water molecules that orient conveniently the 
dipoles in order to reduce to zero the electrical field 
generated by the ions beyond one or two hydration 
layers (see figure). 

 

 
 

Electrical properties of water are extremely important 
in Biology. The surface of proteins are more or less 
hydrophilic forming bonds or not with surrounding 
water molecules. Small changes of environmental pH 
of the solvent may change substantially the charge 
distribution in the protein, defining different 
interactions with water at the origin of the large variety 
of biological actions and chemical reactions. 

The huge complexity of biological systems justifies 
specific studies of each case making more difficult 
general statements. In most cases the role of water is 
determinant. 

A large branch of Biophysics today takes into account 
in detail, at molecular scale, the interactions of water, 
or more generally, the aqueous medium, in describing 
biological processes. 
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